Consider a sandwich plate with anisotropic composite laminated faces and an ideally orthotropic honeycomb core. In this paper, a one-dimensional model considering the transverse shear effect and rotary inertia for the free vibration analysis of a sandwich plate with an across-the-width delamination located at the interface between the upper face and core is developed. With this model, the natural frequencies and mode shapes of the delaminated composite sandwich beams can be obtained by solving the eigenvalues and eigenvectors of 12 simultaneous homogeneous algebraic equations. Because there are no such general solutions presented in the literature, verification is done by some special cases such as delaminated composite beams (without core) and perfect composite sandwich beams (without delamination). Based upon this general solution, the effects of faces, core, and delamination on free vibration behavior of composite sandwiches are studied thoroughly.
I. Introduction
T HERE are many advantages of composite sandwiches over the conventional structural materials, such as high bending stiffness, low specific weight, and good thermal and acoustical insulation. However, these new materials also induce some new problems. One of them is delamination, which may occur either on the interply of composite laminated faces or on the interface between face and core. It is, therefore, important to know the effect of delamination on some mechanical problems like free vibration.
To study the delamination effect on free vibration, Kulkarni and Frederick 1 considered a circular cylindrical shell with a circumferentially symmetric delamination of small length at the middle surface and proposed that the natural frequency was a parameter that reflects the debonding or weakening of the composite. Ramkumar et al.
2 studied the free vibration of composite beams with throughwidth delamination and compared the theoretical results with the results of vibration experiments on a debonded laminated cantilever beam. The analytical prediction found to be consistently much lower than the experimental values indicates that the residual bending stiffness was grossly underestimated in their analysis. Cawley and Adams 3 reported that the shift in natural frequency due to the delamination provides the basis for nondestructive testing via vibration technique. By considering the coupling of longitudinal and flexural motions in the split region, Wang et al. The flexural vibration analyses of perfect sandwich plates were presented earlier by Yu, 8~10 in which the sandwich plate was confined to one with isotropic faces and an orthotropic core. Recently, bending and free vibration analyses of sandwich plates with unbalanced anisotropic laminated faces and an orthotropic core were presented by Monforton and Ibrahim, 11 -12 Ibrahim et al., 13 and Kanematsu and Hirano 14 by using the finite element method and the Rayleigh-Ritz method.
As stated in the last two paragraphs, there are many works concerning the vibration of delaminated composites and perfect sandwiches. However, it still lacks research concerning the vibration of delaminated composite sandwiches. In this paper, a one-dimensional model of delaminated composite sandwiches proposed by Hwu and Hu 15 for buckling and postbuckling problems is modified to study free vibration problems of delaminated composite sandwiches. The results are general enough and can be reduced to the cases of delaminated composites or perfect sandwiches, which are used to verify our solutions. Meanwhile, the various effects such as transverse shear modulus and thickness of core, delamination length and location, fiber direction and stacking sequence of laminated faces on natural frequencies, and the associate mode shapes are also studied.
II. Vibration Analysis
Recently, a one-dimensional mathematical model was developed by Hwu and Hu 15 for the buckling and postbuckling of delaminated composite sandwich beams. In that model, the delaminated composite sandwich beam is separated into four regions as shown in Fig. 1 . Regions 1 and 4 are considered to be composite sandwich beams with the faces resisting in-plane force N x and bending moment M x , and the core undergoing the transverse shear force Q x , whereas regions 2 and 3 are considered to be special cases of sandwiches that also carry in-plane force, bending moment, and transverse shear force. In all regions, the deformation of the core and faces are assumed to have the form of the Timoshenko beam, i.e., u = M 0 + z [y xz --where u and w denote the displacements in the x and z directions, respectively; MO is the midplane axial displacement; and y xz is the transverse shear strain. Although u is a linear function of z, M O , Xxz, and w are independent of z and are functions of x only. With this assumption for the sandwich beam deformation, the equations of
